Five field experiments on barley and wheat have been carried out in North-Eastern Spain on the same field during the cropping seasons 1999-00 to 2003-04 to compare the effect of different harrowing adjustments on weed control, weed biomass and cereal yield. The variables considered were harrowing timing (pre-or early post-emergence), one or two passes, travelling direction, harrowing depth and speed compared with an untreated control and herbicide. Excepting year 2001, with very little weed emergence, mechanical control as a whole caused a significant weed plant reduction compared to the untreated plots in all years. No influence of harrowing depth and travelling speed and of pre-emergence harrowing were found in the trials. A single harrowing treatment conducted across the sowing direction gave the same or less control compared to harrowing along the sowing direction. Two harrowing passes achieved a higher efficacy than one single pass and little differences were detected if the second pass was conducted the same day, across the sowing direction or 15 days later. Despite herbicide had generally a higher efficacy than the harrowing treatments, in three out of five years it was found a mechanical control with the same control than herbicide. The effect of the different treatments on weed biomass was lower than on weed number and no significant differences were found for grain yield. Considering that an herbicide treatment in the present conditions is three times more expensive than harrowing, a single post-emergence harrowing can be considered a valid option for low and medium-infested cereal fields.
Introduction
Herbicides have played a key role in the advancement of agriculture in industrialised countries since they are efficient controlling weeds, are selective, fast-acting and relatively cheap. However, nowadays there is a need to consider alternatives to chemical control because weeds may develop resistance against almost any herbicide (Heap, 2008) and an abusive use can contribute to environmental contamination (Garrido et al., 1998) . The important reduction of accepted active ingredients in the European Union leads to consider alternative weed control methods. In addition, the general public is more concerned about agrochemical residues in the environment and, more recently, in the agricultural products itselves. To reduce these problems, mechanical weeding is an alternative tool which can be used in combination with herbicides, with other cultural methods as rotations or alone. Moreover, the changes in the European Common Agriculture Policies enhance farmers to adopt more environmentally-friendly practices.
The flex-tine harrow is widely used for mechanical weed control in organically grown cereals. It tills the soil surface superficially, so that weed seedlings are uprooted and covered by soil. Some authors have suggested that the most important effect is covering (Jones et al., 1995) , while in other experiments uprooting was probably the main cause (Kurstjens and Kropff, 2001; Cirujeda et al., 2003) . Uprooting and covering may not completely kill the weeds, but the damage caused may be enough to slow down their growth (Lambain et al., 1993) although Rasmussen (1992) did not find that surviving weeds had a lower competitive ability.
Authors agree in the large amount of factors affecting harrowing efficacy. Some are the weed species, phenological stages of the weed and crop, soil type and moisture, weather conditions and the way tillage is carried out (Böhrnsen, 1993) including driving speed, tine angle, etc. However, contradictory results can be found in the literature for many of these parameters. For example, concerning the effect of speed on weed control, Rasmussen and Svenningsen (1995) and Kurstjens and Perdock (2000) related efficacy with higher speed. Rasmussen (1990) , however, did not find a clear relationship between both. Also Cirujeda et al. (2003) did not find efficacy increases when comparing 2, 5 and 8 km h -1 and Rydberg (1993) described the biggest weed reduction at 5 km h -1 and increasing harrowing speed up to 9 or 13 km h -1 did not improve weed control but could affect grain yield.
Concerning the direction of harrowing, most trials have been conducted along the crop plant rows. Few experiments reported results of trials harrowing across the sowing direction. Neururer (1977) quoted by Rydberg (1994) found more weed reduction harrowing across but Rydberg (1994) did not find any differences.
The flex-tine harrow can be used at pre-emergence, early post-emergence and selective harrowing can be conducted at late tillering of the cereal (Rasmussen and Svenningsen, 1995) . Efficacy in pre-emergence is only expected if the majority of weeds germinate earlier than the crop (Rasmussen, 1996) . Most of the trials described in the literature have been conducted in early postemergence of both the weeds and the crop and it is often recommended to harrow in early stages of the weeds, especially when tap-rooted weeds dominate (Wilson et al., 1993; Welsh et al., 1997; Cirujeda et al., 2003) . Selective harrowing is not usually conducted as weeds are better controlled at early stages. Repeating postemergence harrowing the same day usually increases efficacy and crop damage (Rasmussen, 1991; Wilson et al., 1993) and no additional effect is observed in some cases (Welsh et al., 1997) .
The tine angle of the harrow should have an effect on weed control and yield. However, Bàrberi et al. (2000) combined four different positions which corresponded to different aggresiveness with single and go-and-back treatments on durum wheat and did not find significant effects on weeds and crop.
In addition to controlling the weeds it is necessary to do the adjustments in order to avoid crop damage, as it happens with chemical treatments (Kurstjens and Perdock, 2000) . The relationship between weed control and crop damage is very important (Rasmussen, 1991) , since control is normally improved by deeper harrowing or more passes, even though both factors may increase crop damage . The selectivity of weed control is mostly determined by the difference between the root system and/or stiffness of the crop versus the weed, where the weeds should be less developed than the crop for the treatment to be effective and selective.
With the exception of the work conducted in Italy (Bàrberi et al., 2000) and some conducted in Spain (Lacasta et al., 1997; Moyano et al., 1998; Cirujeda and Taberner, 2006) , most of the research on weed harrowing has been conducted in Northern countries (Denmark, Netherlands, Great Britain, Sweden, Germany, etc.) . In a semi-arid environment as found in Southern Europe, Northern Africa, huge parts of North America and other parts of the world rainfall is very irregular. In the semi-arid conditions of North-Eastern Spain drought periods in autumn or winter are frequent but also wet years occur. It is thus important to conduct field trials during several years in order to assess the limitations given by the climatic conditions in the present locations. Pre-emergence harrowing can be effective if moisture enhances germination but if sowing is conducted in dry conditions the effect is probably very little. Dry soils in autumn are expected to be more common in the semi-arid conditions, opposite, survival of weeds should be more difficult in the semi-arid climates after harrowing. On one hand, more continuous moisture in Northern Europe allows recovery of weeds, but on other hand, moisture favours crop development and competition potentially suppressing weeds.
The cropping cycle is also shorter in the semi-arid conditions compared to Northern Europe, as cereal is normally sown in mid autumn (November) to benefit from autumn and winter rain or rarely at the end of winter (February) if too wet conditions did not allow earlier sowing. Harvest is made in mid June so that the cropping cycle comprises around 7 months, compared to the 8 or 9 months in Northern European conditions. Despite sowing density for winter cereal is similar (150-200 kg ha -1 ) a normal yield in Spanish rainfed areas is 2500 kg ha -1 , compared to the 5000 or 6000 kg ha -1 in Northern Europe. Specially, in low-yield areas harrowing can be an interesting weeding technique as costs are lower compared to any herbicide application (Pardo et al., 2004) .
In Spain, this type of weeding is poorly developed but adopted by some organic growers. The typical treatment tested in winter cereal in semiarid zones is one pass during the tillering phase (Lacasta et al., 1997; Moyano et al., 1998; Zaragoza et al., 1999; Lezáun et al., 2001) . The studies carried out by Cirujeda and Taberner (2006) included repeated passes but focused on one weed species, namely Papaver rhoeas. Due to the scarce information available in semi-arid conditions it was considered necessary to do harrowing experiments in winter cereal crops during several years on a mixed weed flora, searching optimising the use of the flex-tine harrow by adjusting variables such as the number of passes, harrowing depth, direction and travelling speed, as well as the time of intervention (pre-or post-emergence of the crop).
The objective of this work was to study the effect of different adjustments of the flex-tine harrow on weed control in winter cereals under semi-arid conditions on a mixed weed population assessing both effects on weeds and on crop yield.
Material and methods

Site
Trials were carried out in Zaragoza (the township of Montañana, latitude 41º43' N and longitude 2º52' W; 225 m above sea level) on a soil with a loamy texture (37.75% sand, 49.08% silt and 13.17% clay) and with 3.37% organic matter, which is high for the area and caused by the previous crop, which was an orchard. Monthly data on rainfall and temperatures for the period of the experiment are shown in Figure 1 . 
Sowing and crop management
Barley was sown in November in the first and third year of the study (Table 1) .
Fertilization consisted in 120-60-60 N-P 2 O 5 -K 2 O kg ha -1 . Phosphorus, potassium and a third of the nitrogen were applied preplant. The rest was applied as side dress at tillering (Table 1 ). The crop was harvested in JuneJuly each year.
Treatments
The experimental design was a randomized block with three replicates and elemental plots measuring 18 x 5 m. Ten treatments were tested in the first two years and eight in the other three seasons considering only those with the most interesting results (Table 2) . Pre-emergence harrowing was considered since 2002. Trials included every year herbicide control plots and non-weeded plots.
The treatments varied in terms of the number of passes (one or two, either on the same day or with an interval of 15 days), of the direction (parallel and/or across to the sowing lines), harrowing depth [changing the angle of the tines on the soil following Bàrberi et al. (2000) low β = -70, middle β = -60º, high β = -50º and α= 135º] and of the travelling speed (low 9 km h -1 or high 12 km h -1 ).
Most passes were carried out during the tillering phase in BBCH stage 21-22 (BBCH Working Group, 1997) except for the second pass in treatment 8, which was done during the stem elongation phase (stage BBCH 30) and treatment 0, performed in pre-emergence. The herbicides were chosen depending on the flora composition and con- Weed plants were counted 15-20 days after the last harrowing in three 0.27 m 2 squares and the weed number was added to evaluate the effectiveness of the different treatments. Efficacy was calculated comparing weed density (plants m -2 ) with the untreated plots follow ing: [(density untreated plots -density treated plots) (density untreated plots) -1 *100]. Crop and weed dry weight at flowering of the crop were also assessed to evaluate selectivity. Aboveground biomass was cut in 
Statistical analysis
To satisfy normality and variance homogeneity, efficacy was arcsin [ ] transformed and weed biomass needed transformation. Block was nested with year, which was taken into account in the ANOVA model, assigning the correspondent error terms. A contrast analysis was performed to compare the different treatments in a more detailed way using the statistic package SAS (SAS Institute, 1991) .
Results and discussion
Effect on weed number Concerning the effect of harrowing on the different weed species, no efficacy was appreciated on Sinapis arvensis and Rumex crispus even in the repeated harrowing treatments. In the first case the plants and especially the rooting system developed faster than the crop, and in the second case the perennial weed was strongly anchored.
The interaction year x treatment was significant for percentage weed control (Table 3) . Percentage weed control of the mechanical treatments was very irregular ranging from 1 to 80% (Table 4) . Therefore the results were considered for each year individually. The interaction was not significant for weed biomass so that the mean of all five years was considered (Table 4 ). The contrast analysis showed that the mechanical treatments considered as a whole were effective for weed density reduction in relation to the untreated control in all years excepting 2001 where the infestation was very low ( trolled with the second treatment as they are bigger then. In fact, best efficacy by weed harrowing is generally achieved when weeds are small so that if it is aimed to do two passes, following the results in semiarid conditions, better efficacy is generally not achieved if the treatment is repeated 15 days after. It is probably different in areas with constant moisture and with new weed emergences during the cropping cycle where harrowing at different moments can be more effective (Rasmussen and Rasmussen, 1999) .
Harrowing direction
A single harrowing treatment conducted across the sowing direction gave the same control compared to harrowing along the sowing direction excepting in 2000, where harrowing across was significantly less efficient than harrowing along the sowing direction (Table 5 , contrast d). This tendency was also observed in 2002 and 2004, but differences were not significant. Probably the crop was small enough in the trials to avoid that tines were guided between the rows and impeding correct tine vibration, which does occur when harrowing after tillering as described by Rasmussen and Svenningsen (1995) .
Harrowing moment
Pre-emergence harrowing was not effective any year in the tested conditions. In 2004, control was even significantly lower compared to a single post-emergence harrowing treatment (Table 5 , contrast i). Weeds should be starting germination in order to move pre-emerged weeds so called 'white threads' in pre-emergence (Rasmussen and Svenningsen, 1995) and probably this did not happen in the experiments, as soil moisture was low. Another negative aspect of pre-emergence harrowing is the risk of breaking dormancy (Grundy et al., 2003) as the soil is refined again, but this is an issue that has not been covered in the current study.
Comparing with the herbicide efficacy
Excepting the results of year 2001 herbicide had a significantly higher efficacy compared to harrowing overall (Table 5 , contrast l) but in three out of five years it was possible to find a harrowing treatment that had statistically the same efficacy than the herbicide treatment (Table 5 , contrast o) but in no case harrowing had a superior weed control than herbicide. At high-density weed infestations and also with highly-aggressive weeds probably the use of herbicide is a more effective solution. 
Influence of harrowing depth and speed
These parameters were analysed during the first two years (Table 5 , contrasts e, f, g, h). In year 2000 weed control did not increase by increasing working depth or speed and in 2001 only significant differences were detected between middle and high depth (Table 5 , contrast g), so that these treatments were not included in the next field trials. Instead, a pre-emergence treatment was tested since 2002 (Table 5 , contrast i).
Number of harrowing passes
Concerning the number of passes, as a whole, two harrowing passes achieved better efficacy than only one, with significant differences during the years 2002 and 2004 (Table 4 and Table 5 , contrast b). Little differences were detected due to conducting the second harrowing pass in a different direction or at a different date. Only in 2004 harrowing the second pass across the sowing line controlled significantly more weeds than performing the second pass in the same direction (Table  5 , contrast j) and only in 2000 doing the second pass in the sowing direction the same day was more effective than repeating the treatment 15 days later (Table 5 , contrast k). This last observation is coincident with the findings of Bàrberi et al. (2000) who observed that weeds surviving the first harrowing treatment can not be con- 
Effect on weed biomass
Weed biomass at the end of the cropping cycle had a similar behaviour than weed control but less significant differences were found (Table 5) . This is probably due to the fact that a good control caused by mechanical weeding generally leads to bigger surviving individual plants due to lower competition, hiding part of the control effect as found by Rasmussen (1992) . Statistically significant differences were found only when comparing mechanical control as a whole or herbicide with untreated control (Table 5 , contrasts a, p) and when choosing the best mechanical control treatment concerning weed biomass with the untreated control (Table 5 , contrast s). These results suggest that a good harrowing is able to reduce weed density and also weed biomass.
As commented previously, a significantly higher weed control was found in the plots treated with herbicide compared to the overall mechanical methods in four out of five years as too little weeds were found in 2001, but herbicide did not achieve a higher weed biomass reduction (Table 5 , contrast l). Weed biomass was statistically the same even when comparing herbicide treated plots with the mechanical control treatment, which lead to the lowest weed biomass (i.e. harrowing twice at the same date) ( Table 5 , contrast p). Thus, probably the weeds found in the herbicide-treated plots were big plants grown with little competition.
Cereal yield
Highest mean yield was obtained in 2000 and 2002 (3,511 and 3,284 kg ha -1 ). Lowest yield were obtained in 2001 (1,586 kg ha -1 ) and 2004 (1,944 kg ha -1 ), which is coincident with the delayed sowing in the latter years. However, the interaction year x treatment was not significant for percentage weed control. Considering the mean of all five years, despite the mechanical treatments as a whole achieved a significantly better weed control compared to the non-weeded control, this did not lead to a yield increase for any of the tested treatments (Table 5) . No differences were found even when choosing the best treatments considering yield (Table 5 , contrasts r, s).
Weed competition is probably not the limiting factor in cereal crops in the tested conditions, as significant differences in yield were not found even when comparing untreated plots with treated plots with the highest yield. However, weed control is necessary to avoid increasing the weed seed-bank.
In the trials performed the tendency that harrowing across the sowing line gave yielded less than harrowing along the sowing line (Table 4) probably due to crop plant damage. Considering that weed control was the same or lower in one case (Table 5 , contrasts c, d), harrowing across the sowing line is probably not a good practice in the present conditions. Lack of significance on crop yield when comparing the treatments (Table 3) suggests that in the present conditions no important damage was caused due to repeated treatments, but the tendency was lower yield for the repeated harrowing treatment (Table 4) , similar to the results of Rasmussen (1991) who also observed just a tendency in reduction.
The above results reveal that a single pass at middle depth at tillering of the cereal can be considered an interesting mechanical option when weed pressure is low or medium. Moreover, although the weed control was lower compared to herbicide use, the yield was almost the same. Taking into account that the cost of the herbicide 
Conclusions
Harrowing efficacy was irregular but can be considered a valid option for weed control in cereal fields in the present conditions, because it reduces weed density significantly compared to the untreated plots and because no significant yield differences were found when comparing the harrowing treatments with herbicide use. Moreover, its cost is inferior to herbicide use.
Harrowing at higher speed or higher depth did generally not lead to a higher weed control. Harrowing across the sowing direction of the cereal did not increase efficacy, either and tended to decrease cereal yield.
Concerning repeating harrowing, the best option was to do the second pass the same day and in the sowing direction. However, yield tended to decrease with repeated harrowing so that doing the second pass will be justified with high infestations, only.
Few harrowing treatments achieved a similar efficacy than herbicide use. Out of the tested treatments in semiarid conditions, one single harrowing pass at a normal depth and at 9 km h -1 is probably the best option.
Finally, the convenience of any weed control method can be discussed in the present areas as yield decreases in the non-weeded control plots were not significant compared to any of the mechanical methods not even compared to the herbicide treatment, probably due to the fact that weed competition was not the most limiting factor in these conditions. However, reducing the weed flora in any way is always beneficial to prevent infestations the following years.
